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Ras-Activated Endocytosis Is Mediated by the Rab5
Guanine Nucleotide Exchange Activity of RIN1
membrane trafficking events early in the endocytic path-
way (Gorvel et al., 1991; Bucci et al., 1992). After cargo-
bearing endocytic vesicles have budded from the
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plasma membrane, they bind to and fuse with earlyUniversity of Texas Southwestern Medical Center
endosomes in a Rab5-dependent manner. Using an inDallas, Texas 75390
vitro assay that measures early endosome fusion, acti-2 Department of Cell Biology and Physiology
vation of Rab5 was found to be rate limiting for thisWashington University School of Medicine
process (Gorvel et al., 1991; Stenmark et al., 1994; Li etSt. Louis, Missouri 63110
al., 1995). Overexpression of Rab5A and/or an activated
allele of Rab5A have also been shown to stimulate both
EGFR uptake and fluid phase endocytosis (Barbieri etSummary
al., 2000).
Ras also profoundly influences the endocytic pathwayRIN1 was originally identified by its ability to inhibit
(Bar-Sagi and Feramisco, 1986; Li et al., 1997; Barbieriactivated Ras and likely participates in multiple signal-
et al., 1998b). Overexpression of activated Ras has longing pathways because it binds c-ABL and 14-3-3 pro-
been known to stimulate fluid-phase endocytosis (Bar-teins, in addition to Ras. RIN1 also contains a region
Sagi and Feramisco, 1986). Though the exact mecha-homologous to the catalytic domain of Vps9p-like Rab
nism by which Ras potentiates endocytosis is not under-guanine nucleotide exchange factors (GEFs). Here, we
stood, Ras stimulation seems to occur upstream of theshow that this region is necessary and sufficient for
action of Rab5 (Barbieri et al., 1998b). It has also beenRIN1 interaction with the GDP-bound Rabs, Vps21p,
shown that Ras activation of endocytosis is independentand Rab5A. RIN1 is also shown to stimulate Rab5 gua-
of its ability to modulate membrane ruffling, thus rulingnine nucleotide exchange, Rab5A-dependent endo-
out the possibility that Ras influences endocytosissome fusion, and EGF receptor-mediated endocyto-
through Rac, a Ras effector and modulator of membranesis. The stimulatory effect of RIN1 on all three of these
ruffling (Li et al., 1997). These data suggest that Rasprocesses is potentiated by activated Ras. We con-
may elicit its effects on endocytosis by modulating Rab5clude that Ras-activated endocytosis is facilitated, in
function, but so far there has been no evidence thatpart, by the ability of Ras to directly regulate the Rab5
physically links the functions of these two proteins.nucleotide exchange activity of RIN1.
Modulating Rab5 guanine nucleotide exchange is a
point at which regulation of Rab5 function could easily
Introduction be achieved. Activation of Rab5 and its yeast sequence
homolog Vps21p is accomplished by the action of ho-
Ligand-induced endocytosis of epidermal growth factor mologous guanine nucleotide exchange factors (GEFs),
receptors (EGFRs) is a highly regulated process involv- Rabex5 and Vps9p, respectively (Horiuchi et al., 1997;
ing the coordination of both signal transduction and Hama et al., 1999). A recent study in which the catalytic
endocytic protein trafficking events (Baass et al., 1995; GEF domains of Vps9p and Rabex5 were identified and
Barbieri et al., 2000; Ceresa and Schmid, 2000). Upon characterized, demonstrated that the consensus Vps9p
ligand binding, these cell surface receptor tyrosine ki- catalytic domain is present in a wide variety of multi-
nases (RTKs) dimerize, are activated, and subsequently domain proteins (G.G.T., D.S. Carney, and B.F.H., sub-
regulate a diverse set of cellular processes (Haigler et mitted). The modularity and biochemical properties of
al., 1979; Carpenter and Cohen, 1990; Lemmon and the Vps9p catalytic domain suggested that other pro-
Schlessinger, 1994; Riese and Stern, 1998; Wells, 1999). teins that contain consensus Vps9p catalytic domains
Attenuation of EGFR signaling is commonly mediated may act as GEFs for Rab5/Vps21p-like Rab proteins.
by internalization and degradation of the activated re- Interestingly, it was found that two mammalian proteins
ceptors via the endocytic pathway (Chen et al., 1989; encoded by RIN1 and JC265 (Colicelli et al., 1991), con-
Wells et al., 1990; Mellman, 1996). To maintain proper tain putative Vps9p catalytic domains (G.G.T., D.S. Car-
regulation of cell signaling, a balance between signal ney, and B.F.H., submitted) as well as functional Ras
transduction and endocytic protein trafficking events association (RA) domains (Han, et al., 1997; Ponting and
must be achieved. Benjamin, 1996). This led us to speculate that Ras might
Receptor endocytosis is facilitated, in part, by mem- influence the function of the RIN1 Vps9p catalytic GEF
bers of the small GTP binding protein superfamily, in- domain and thus regulate Rab5 by controlling its activa-
cluding, Ras, (Bar-Sagi and Feramisco, 1986; Li et al., tion status.
In this study, we examined the enzymatic role of the1997; Barbieri et al., 1998b), Rac / Rho (Lamaze et al.,
Vps9p catalytic domain found in RIN1 and describe a1996; Ellis and Mellor, 2000) and Rab5 (Gorvel et al., 1991;
functional relationship between the Vps9p catalytic andBucci et al., 1992). Rab5, is responsible for mediating
RA domains. Both in vitro and in vivo assays demon-
strate that the Vps9p catalytic domain imparts Rab5-GEF3 Correspondence: bhoraz@biochem.swmed.edu
activity to RIN1, and this exchange activity is potentiated4 Present address: Department of Pharmacology, University of Texas
by the occupancy of the RA domain with activated Ras.Southwestern Medical Center, Dallas, Texas 75390.
5 These authors contributed equally to this work. The functional interaction between the RA and Vps9p
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Figure 1. The Consensus Vps9p Catalytic
Domain of RIN1 Is the Region of RIN1 that
Interacts with GDP-Bound Rab5-like GTPases
Two hybrid prey plasmids encoding full
length RIN1, RIN1 (splice variant), and trun-
cated versions of RIN1 were cotransformed
into L40 yeast with the Vps21p:S21N and
Rab5A:S34N bait plasmids. Cotransformants
were patched onto YNB-glucose plates lack-
ing tryptophan and leucine and subjected to
the -galactosidase filter assay to detect
positive interactions between baits and
preys. The Vps21p:S21N and Rab5A:S34N
bait L40 strains cotransformed with the full
length RIN1 prey (1), the RIN1C prey (amino
acids 293–783) (3) and the RIN1-SH2RA prey (amino acids 293–658) (4) all exhibited detectable -galactosidase activities. When the
Vps21p:S21N and Rab5A:S34N baits were cotransformed with the RIN1 prey (2) or the prey composed of RIN1 amino acids 452–783 (5), no
detectable -galactosidase activity was observed in these strains.
catalytic domains of RIN1 delineates a novel signal amino acid region involved in the binding of activated
Ras (Han et al., 1997). RIN1 also contains a centrallytransduction pathway by which Ras regulates endocytic
events by controlling the GEF activity of RIN1 and thus located 182 amino acid region (amino acids 443–624)
that is homologous to the catalytic domains of the gua-the activation of Rab5.
nine nucleotide exchange factors Vps9p and Rabex5
Results (G.G.T., D.S. Carney, and B.F.H., submitted). Interest-
ingly, the putative Vps9p catalytic domain of RIN1 is
RIN1 Interacts with GDP-Bound Rab5-like found in the 434 amino acid Ras binding region, but is
GTPases through its Consensus Vps9p amino-terminal to the consensus Ras association (RA)
Catalytic Domain domain also found in this portion of RIN1 (Figure 1)
RIN1 contains well-characterized signal transduction (Ponting and Benjamin, 1996; G.G.T., D.S. Carney, and
domains including, a SH2 (Src homology 2) domain, a B.F.H., submitted).
proline rich region capable of binding c-Abl SH3 do- The Vps9p catalytic domain mediates an association
with the Vps21 Rab protein in a nucleotide-dependentmains (Afar et al., 1997; Han et al., 1997), and a 434
Figure 2. RIN1 Is a Guanine Nucleotide
Exchange Factor for Rab5 / Vps21p-like
GTPases
(A) Rab5A (200 pmol) was preloaded with 15
M [3H]-GDP (25 Ci/ml) and added into ex-
change reactions containing 4 mM non-
radioactive GDP and 200 pmol of either: RIN1
(circle), RIN1C (diamond), RIN1 (square), or
BSA (triangle). At the indicated time points,
aliquots were removed from the reactions,
quenched, and filtered through nitrocellulose
membranes. The membrane filters were
washed, dried, and subjected to scintillation
counting. The percentage of [3H]-GDP that
remained Rab5A-bound is presented as a
function of time.
(B) Rab5A (200 pmol) was incubated in GTP
loading reactions containing 25 M [32P]--
GTP (100 Ci/ml) and 200 pmol of RIN1 (cir-
cle, RIN1) or BSA (triangle, RIN1). At the
indicated time points, aliquots were removed
from these reactions and processed as in Fig-
ure 2B. The relative amount of [32P]--GTP
bound to Rab5A at each time point is pre-
sented as a percentage of the amount of
background binding to the filters (i.e., the
amount “bound” at time  0 min).
(C) Rabs 5A, 5B, 5C, Rab4, Rab11, Vps21p,
and Ypt7p (200 pmol each) were subjected
to [3H]-GDP release reactions in the presence
(open bars) or absence (solid bars) of RIN1
(200 pmol) as described in Figure 2B. The
percentage of [3H]-GDP that remained bound
to each Rab after 30 min is presented.
(D) Recombinant purified RIN1, RIN1, and RIN1C proteins (50 ng) were resolved by SDS-PAGE and subjected to Western analysis using
RIN1 monoclonal antibody. The positions where molecular mass standards ran on the gel are indicated.
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manner (Hama et al., 1999; G.G.T., D.S. Carney, and
B.F.H., submitted). The yeast two-hybrid system was
used to determine if this region of RIN1 also mediates an
interaction with Vps21/Rab5-like proteins. A full-length
human RIN1 prey fusion protein (Han et al., 1997) was
tested for interaction with bait fusion proteins consisting
of wild-type Vps21p and Rab5A, as well as mutant ver-
sions of the Rab proteins that preferentially bind GDP
(S21N and S34N, respectively). RIN1 was found to exclu-
sively interact with the GDP-bound Vps21p and Rab5A
baits (Figure 1, panel 1). No detectable interactions were
observed between RIN1 and the wild-type Rab proteins
or a GTPase defective form of Vps21p (data not shown).
These results indicate that RIN1 interacts with Rab5/
Vps21p-like GTPases when these proteins are in the
GDP bound state.
To test if the RIN1-Rab interaction was mediated by
sequences in the Vps9p catalytic domain found in RIN1, Figure 3. Ha-ras-GTP Potentiates the RIN1 Rab5A GEF Activity
truncated RIN1 two-hybrid preys were tested for interac- WT-Ha-ras and Ha-ras:T35S were loaded with GTP, and Ha-
tion with the Rab5A:S34N and Vps21p:S21N baits (Fig- ras:S17N was loaded with GDP. Rab5A was preloaded with [3H]-
GDP and then incubated in GDP release reactions containing 200ure 1). Removal of the RIN1 SH2 domain and proline
pmol of RIN1 or BSA and/or 200 pmol of the indicated preloadedrich region (Pro) by truncation of the amino terminal 292
Ras proteins. At the time points indicated, aliquots from duplicateamino acids resulted in a RIN1 fusion protein (RIN1C)
reactions were quenched and bound to nitrocellulose filters. Thethat strongly interacted with the Rab5A:S34N and
filters were dried and subjected to scintillation counting. The amountVps21p:S21N baits (Figure 1, panel 3). The additional
of Rab5A [3H]-GDP bound to these filters is expressed as a percent-
truncation of the RIN1 carboxyl-terminal 124 amino age of the [3H]-GDP bound to Rab5A at time 0 of the reactions.
acids resulted in a protein that lacked the majority of
the consensus Ras association (RA) domain as well as
the SH2 and proline rich domains. This prey strongly
(diamond, lacking the SH2 and proline-rich domains)
interacted with both the Rab5A:S34N and Vps21p:S21N
were found to stimulate GDP release from Rab5A (Figurebaits (Figure 1 panel 4). A similar RIN1 peptide in which
2A). However, RIN1 (square) did not possess exchangethe last 121 amino acids of RIN1 were deleted has pre-
activity (Figure 2A). The slight decrease of Rab5A asso-viously been shown to completely disrupt the RIN1/Ras
ciated [3H]-GDP seen in the presence of RIN1 is similarinteraction (Han et al., 1997). Truncation of the first 451
to that seen when the BSA control protein was testedamino acids of RIN1, however, ablated the RIN1 interac-
(triangle) (Figure 2A) and represents intrinsic nucleotidetion with both Rab5A:S34N and Vps21p:S21N (Figure 1,
exchange activity of Rab5A. These data demonstratepanel 5). Taken together, these results show that RIN1
that RIN1 possesses in vitro GDP release activity forinteracts with Rab5-like GTPases through a domain that
Rab5A and the Vps9p catalytic domain found in RIN1is distinct from its Ras association domain and this inter-
action does not involve the SH2 domain or the proline mediates this activity. To confirm that guanine nucleo-
rich regions of the protein. tide release was indicative of nucleotide exchange, the
Colicelli and colleagues identified a naturally oc- ability of RIN1 to stimulate GTP loading of Rab5A was
curring splice variant of RIN1 that encodes a protein tested. RIN1 was found to potently stimulate GTP bind-
with an internal deletion of 62 amino acids (RIN1) (Han ing to Rab5A in a time dependent manner (Figure 2B),
et al., 1997). The first 47 amino acids of the predicted demonstrating that RIN1 enzymatically acts as a novel
RIN1 Vps9p catalytic domain are deleted in the splice activator of Rab5A.
variant (Figure 1, panel 2). When we tested a two-hybrid The initial characterization of Vps9p revealed that it
prey consisting of the splice variant (pGAD-RIN1) for possessed GEF activities specific for Rab proteins most
interaction with Rab5A:S34N and Vps21p:S21N, the closely related to Rab5/Vps21p (Hama et al., 1999). To
strengths of the interactions were drastically reduced
determine if RIN1 had similar substrate specificity, the
when compared to the wild-type RIN1 prey/Rab bait
ability of RIN1 to stimulate GDP release from a subsetinteractions (compare Figure 1, panels 2 and 1). The
of Rab proteins was determined (Figure 2C). Each ofcombined data indicate that the putative Vps9p catalytic
the Rabs tested were preloaded with [3H]-GDP and thendomain of RIN1 is both necessary and sufficient for
incubated in nucleotide release reactions containing ei-interaction with GDP-bound Rab5-like GTPases.
ther RIN1 (open bars) or an equivalent amount of BSA
(solid bars). RIN1 was found to stimulate efficient GDPRIN1 Is a Guanine Nucleotide Exchange Factor
release from Rabs 5A, 5B, 5C, and S. cerevisiae Vps21p,for Rab5-like GTPases
but not from Rab4, Rab11, or S. cerevisiae Ypt7p (FigureThe nucleotide specificity of the RIN1/Rab interaction
2C). These results indicate that RIN1 possesses sub-and the homology shared between RIN1 and Vps9p sug-
strate specificity for Rab5/Vps21p-like Rab proteinsgested that RIN1 might function as a guanine nucleotide
in vitro.exchange factor for Rab5. To test this possibility, his-
tagged RIN1, RIN1C (amino acids 293–783), and RIN1
(splice variant) proteins were purified from recombinant Activated Ras Potentiates the RIN1 GEF Activity
In VitroSf9 cells (Figure 2D) and then assayed for their abilities
to stimulate [3H]-GDP release from Rab5A. Both wild- Given the finding that RIN1 is a GEF for Rab5-like GTPases,
we tested if activated Ras could influence the exchangetype RIN1 (circle) and the N-terminally truncated RIN1C
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Figure 4. RIN1-Stimulated Endosome/Endosome Fusion Is Potentiated by Ha-ras
(A) Endosomes and cytosol were incubated with the indicated amounts of purified RIN1 (circle) or RIN1 (square) in fusion buffer for 45 min
at 37C. Endosome fusion was measured as described in the Experimental Procedures.
(B) Endosomes and cytosol that was either untreated () or immunodepleted of RIN1 () and supplemented with 3.75 M RIN1 or RIN1
were incubated for 45 min at 37C. Fusion was quantified as described in the Experimental Procedures. The relative amounts of endogenous
RIN1 and Rab5 present in the cytosol before (Insert, lane 1, ) and after (Insert, lane 2, ) immunodepletion of RIN1 were determined by
Western analysis. Mock depletion resulted in a 9% decrease in the fusion activity of cytosol.
(C) Endosomes and cytosol were incubated with 2.5 M RIN1 or RIN1 supplemented with 1 M Rab5A or 2.5 M Rab5A:S34N. Fusion was
quantified following incubation in fusion buffer for 45 min at 37C. (D) Endosomes and cytosol were incubated with 2.5 M RIN1 or RIN1
supplemented with 5 M G12V Ha-ras or S17N Ha-ras as indicated. Fusion was quantified after incubation for 45 min at 37C.
activity of RIN1. Rab5A was preloaded with [3H]-GDP et al., 1995). However, unlike wild-type Ha-ras, GTP-
bound Ha-ras:T35S cannot bind RIN1 (Han et al., 1997).and mixed with RIN1 in the presence or absence of
equimolar amounts of recombinant Ha-ras proteins. At If the observed Ras potentiation of RIN1 GEF activity is
due to the direct binding of Ras-GTP to RIN1, then theeach indicated time point, the amount of [3H]-GDP that
remained associated with Rab5A was determined (Fig- T35S effector domain Ha-ras mutant should not stimu-
late RIN1 GEF activity. GTP-loaded Ha-ras:T35S did noture 3). As previously shown, RIN1 alone stimulated nu-
cleotide release (Figure 3). Intriguingly, wild-type Ha-ras potentiate the exchange activity of RIN1 (Figure 3). This
observation suggests that the observed Ha-ras-GTP po-loaded with GTP markedly stimulated this basal activity
(Figure 3). In contrast, Ha-ras:S17N loaded with GDP, tentiation of the RIN1 GEF activity is due to direct binding
of Ha-ras-GTP to RIN1.did not stimulate the basal RIN1 GEF activity to any
appreciable extent. In control Rab5A GDP-release reac-
tions, neither wild-type Ha-ras-GTP nor Ha-ras:S17N- RIN1 Stimulates Endosome/Endosome Fusion
The endosome/endosome fusion assay reflects manyGDP alone had any effect on Rab5A nucleotide release
in the absence of RIN1 (data not shown). These results of the Rab5-dependent processes that occur during en-
docytosis and serves as a good in vitro model systemprovide biochemical evidence that activated Ras can
potentiate the Rab5A-GEF activity of RIN1. for testing components of this pathway (Diaz et al., 1988;
Gorvel et al., 1991; Li et al., 1995). Because RIN1 bio-To further explore the Ras stimulatory effect, an addi-
tional mutant Ras protein was examined. The Ras ef- chemically links the activities of Ras and Rab5 (Figure
3), we wished to determine if RIN1 could also stimulatefector domain mutant, Ha-ras:T35S binds Raf1 in the
two-hybrid system and can functionally stimulate Raf1- endosome/endosome fusion in a manner that was po-
tentiated by activated Ras. Endosome fusion assaysdependent signal transduction pathways in vivo (White
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were performed with the indicated concentrations of
Rab5A, RIN1, and Ras proteins (Figure 4) (see Experi-
mental Procedures). RIN1 was found to markedly stimu-
late endosome fusion in a dose dependent manner,
whereas RIN1 did not, and even exhibited an inhibitory
effect (Figure 4A). These results indicated that the Rab5
GEF activity of RIN1 stimulated endosome fusion.
To address whether RIN1 was a critical component
in the endosome/endosome fusion assay, an immuno-
depletion experiment was performed. Depletion of RIN1
from the cytosol used in the fusion assay resulted in an
approximately 50% decrease in fusion (Figure 4B). The
addition of purified RIN1 to the depleted cytosol com-
pletely restored fusion competency. Moreover, restora-
tion of fusion competency was not restored when puri-
fied RIN1 was added to the depleted cytosol (Figure
4B). The amount of Rab5 found in the cytosol did not
change after RIN1 immunodepletion (Figure 4B, insert).
These data further support the notion that RIN1 is di-
rectly involved in Rab5A activation.
If RIN1 is functioning as a Rab5 activator, then the
ability of RIN1 to stimulate endosome fusion should be
dependent on the action of Rab5. As seen in Figure 4C,
the addition of Rab5A (Rab5, WT) stimulated endosome
fusion more than 2-fold, whereas addition of Rab5A:
S34N (Rab5, N34) inhibited fusion more than 2-fold when
compared to control reactions (C). When Rab5A was
included in fusion reactions containing RIN1, there was
a marked synergistic effect of these two proteins in the
stimulation of fusion (RIN1, WT). However, this effect
was not seen when RIN1 was replaced with RIN1
(which lacks exchange activity), and an overall dominant
inhibitory effect on endosome fusion was noted in the
presence of RIN1. Addition of activated Ras protein
(V12) potentiated the stimulatory effect of RIN1 on endo-
some/endosome fusion (Figure 4D). Approximately 50% Figure 5. RIN1 Stimulation of EGF Uptake Is Potentiated by Ha-ras
more fusion occurred when activated Ras was included (A) NR6 cells expressing the EGFR were infected with Sindbis virus
with RIN1 in the fusion reaction. This effect was not alone (open triangle), or with Sindbis viruses expressing RIN1(circle),
or RIN1 (square). The cells were then treated with [125I]-EGF,simply due to the addition of activated Ras, because
washed, and incubated at 37C for the indicated times. At each timeactivated Ras alone had little effect on endosome fusion
point, the cells were acid washed, and the amount of internalizedreactions performed in the absence of RIN1 (Figure 4D;
[125I]-EGF was determined by scintillation counting. Insert: the rela-
Ras, V12). As discussed previously, the stimulatory ef- tive levels of RIN1 and RIN1 expression from the Sindbis viruses
fect of RIN1 was completely dependent on the presence were determined by Western analysis.
of a functional nucleotide exchange domain (Figure 4D, (B) NR6 cell monolayers infected with Sindbis virus alone (Vec) or
with RIN1 recombinant virus (RIN1, RIN1) were serum starved forRIN1).
two hr prior to activation with 100 nM EGF for 3 min. Cells were
washed and lysed. Cell proteins were separated by SDS-PAGE,
RIN1 Stimulates Receptor-Mediated Endocytosis blotted to nitrocellulose, and antibodies to phospho-Erk1/2 and total
Once EGF is bound to its receptor, the ligand-receptor Erk1/2 were used to visualize these proteins by Western analysis.
complexes are rapidly endocytosed (Chen et al., 1989; Relative levels of Erk1/2 proteins were determined by densitometry.
Error bars indicate the standard deviation from the mean of twoWells et al., 1990). To determine if RIN1 affected recep-
independent assays.tor-mediated endocytosis, we examined EGF uptake in
(C) NR6 cells expressing the EGFR were coinfected with the indi-NR6 fibroblasts expressing the human EGF receptor and
cated combinations of Sindbis viruses that expressed different Ha-
various combinations of Ras, Rab5A, and RIN1. Cells ras, Rab5, and RIN1 alleles. A high multiplicity of infection was used
were infected with Sindbis viruses that expressed differ- (50 plaque-forming units/cell) such that	80% of the cells expressed
ent Ras, Rab5, and RIN1 proteins. The infected cells both proteins. The ability of these cells to internalize [125I]-EGF after
10 min of incubation was determined as in Figure 5A. The amountswere treated with [125I]-EGF, washed, and then allowed
of Ha-ras, Rab5, and RIN1 proteins expressed from Sindbis virusesto internalize the labeled ligand by incubation at 37C.
in these cells were determined by Western analyses. Error barsAfter incubation for the times indicated (Figure 5A) or
indicate the standard deviation from the mean of three independent
for 15 min (Figure 5C), the amount of internalized [125I]- assays. The number of surface receptors (in the absence of ligand)
EGF was determined (see Experimental Procedures). was unchanged in cells expressing the various RIN1 and Ras pro-
The kinetics of [125I]-EGF internalization were monitored teins.
in cells expressing RIN1 and RIN1. Overexpression of
RIN1 stimulated EGF endocytosis in a time dependent
Developmental Cell
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Figure 6. RIN1 and Rab5 Colocalize on Endosomes
(A) CHO cell line stably expressing GFP-Rab5A (A) or GFP-Rab5A:Q79L (B) was infected with a control Sindbis virus, or a virus expressing
RIN1 (D–F) or RIN1 (G–I). The cells were fixed and examined by confocal microscopy as described in the Experimental Procedures. GFP-
Rab5A was detected by viewing the protein’s intrinsic fluorescence, after excitation with a confocal scanning beam fluorescent microscope
at an excitation wavelength of 476 nm. RIN1 proteins were detected using RIN1 polyclonal antibody and CY5-conjugated secondary antibody,
after excitation with a confocal scanning beam fluorescent microscope at an excitation wavelength of 647 nm. The confocal plane used for
analysis is shown in (C). The arrowheads denote endosomal structures and the arrows denote the plasma membrane. Bar  1 m.
manner, whereas RIN1 expression inhibited EGF endo- expression of RIN1 resulted in an increase in phospho-
Erk1/2 levels when compared to control cells. Thesecytosis when compared to control infected cells or unin-
fected cells (Figure 5A). Direct analysis of EGF receptor results indicate that downstream cell signaling events
are also affected by RIN1 and RIN1.internalization yielded similar results, whereas the inter-
nalization of transferrin via the transferrin receptor was Expression of RIN1, Ha-ras:G12V, or Rab5A alone re-
sulted in stimulation of EGF endocytosis, whereas ex-unaltered by RIN1, RIN1, or activated Ras expression
(data not shown). Finally, Erk1/2 phosphorylation was pression of the dominant negative forms of these pro-
teins, RIN1, Ha-Ras:S17N, or Rab5A:S34N all resultedused to initially assess the effect of RIN1 and RIN1 on
cell signaling (Figure 5B). Expression of RIN1 resulted in an inhibition of endocytosis (Figure 5C) (The expres-
sion level of each protein was determined by Westernin a decrease in the levels of phospho-Erk1/2, whereas
Ras-Activated Rab5
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Figure 7. Model of Ras, RIN1, and Rab5
Function in Receptor-Mediated Endocytosis
Extracellular ligands (circle) bind to receptor
tyrosine kinases at the plasma membrane
and the receptors become activated. Recep-
tor activation leads to the activation of Ha-
ras by converting Ha-ras to its GTP-bound
form. GTP-bound Ha-ras then binds to and
activates its effector, RIN1. The activated
Rab5 guanine nucleotide exchange activity
of RIN1 stimulates endocytosis of plasma
membrane derived vesicles and/or endo-
some fusion events.
analyses; lower panels). The ability of RIN1 to stimulate dependent on the presence of an intact Vps9p catalytic
domain.endocytosis was potentiated by coexpression of Rab5A,
but not Rab5A:S34N (Figure 5C). Coexpression of Ha-
Discussionras:G12V also enhanced the ability of RIN1 to stimulate
endocytosis, but to a more modest extent (similar results
Receptor-mediated endocytosis and signal transduc-were obtained when wild-type Ras was used). RIN1 ex-
tion are tightly coupled processes. The mechanism ofpression was even able to partially overcome the domi-
this linkage and its physiological consequences are justnant inhibitory effect of Ha-ras:S17N expression. In con-
beginning to be explored (Vieira et al., 1996; Barbieri ettrast, coexpression of RIN1with Ha-ras:G12V or Rab5A
al., 1998b; Haugh et al., 1999). In this study, we havenegated the stimulatory effects of Ha-ras:G12V and
uncovered an enzymatic activity associated with a RasRab5A that were observed when the proteins were ex-
effector protein RIN1, that links receptor-mediated en-pressed individually. These data clearly demonstrate
docytosis and Ras signaling. RIN1 was found to be athat RIN1 is intimately involved in Ras activated, Rab5A-
guanine nucleotide exchange factor specific for Rab5dependent receptor endocytosis.
proteins. The Rab5-GEF activity of RIN1 was potentiated
by activated Ras, which led to increased rates of recep-
tor-mediated endocytosis and endosome/endosome fu-Overexpression of RIN1 Causes
sion events. These observations lead us to propose thatEndosome Enlargement
RIN1 bridges the activities of Ras and Rab5A by servingPrevious studies have shown that expression of
as a sensor of Ras activation and an activator of Rab5A-Rab5A:Q79L, a GTPase defective mutant, activates en-
mediated endocytic events. (Figure 7).docytosis and induces formation of enlarged endo-
With the discovery of a pathway that links Ras tosomes (Stenmark et al., 1994; Roberts et al., 1999). Mod-
endocytosis via RIN1, the question arises, what is theerately enlarged endosomes were also found in cells
purpose of this pathway? At least two models can beoverexpressing wild-type Rab5A, but were smaller than
envisioned. First, internalization and degradation of cellthose found in cells expressing Rab5A:Q79L. To further
surface receptors is a mechanism used to attenuateanalyze the effect of the expression of RIN1 on Rab5
receptor based signaling. Because Ras activation is anfunction, cells expressing GFP-Rab5A were infected
early response to receptor activation, it is likely that Ras
with Sindbis virus expressing RIN1 or RIN1, and endo-
functions in negative feedback pathways to attenuate
some morphology was examined. As shown in Figure signals it receives by potentiating flux through the endo-
6A, when cells that stably expressed GFP-Rab5A were cytic pathway and therefore increasing the rate at which
infected with control virus, a typical punctate distribu- activated cell surface receptors are cleared. One estab-
tion of GFP-Rab5A was observed indicative of endoso- lished pathway originates from within the activated MAP
mal localization (Roberts et al., 1999). RIN1 expression kinase cascade and serves to disrupt the Shc-Grb2-
in the GFP-Rab5A cell line resulted in a dramatic in- Sos Ras nucleotide exchange complex (Cherniack et
crease of the size of GFP-Rab5A positive endosomes al., 1994; de Vries-Smits et al., 1995; Langlois et al.,
(Figures 6D–6F). These endosomes were similar in ap- 1995; Rozakis et al., 1995; Dong et al., 1996; Porfiri and
pearance to those observed when the activated Rab5A: McCormick, 1996). However, this feedback pathway is
Q79L allele was expressed (Figure 6B). In contrast, GFP- specific for attenuating Ras signaling (downstream of
Rab5A positive endosomes were not enlarged in cells activated receptors) and does not explain Ras-mediated
that expressed RIN1 (Figures 6G–6I). Furthermore, we attenuation of active cell surface receptors. The rapid
observed that a portion of RIN1 colocalized with Rab5A kinetics of receptor internalization upon ligand binding
on endosomes (Figure 6F), whereas the vast majority suggests that receptor-mediated endocytosis is subject
of RIN1 was cytosolic (Figure 6H). These results cor- to extremely tight temporal control mechanisms. Ras-
roborate our findings that expression of RIN1 has a di- mediated activation of RIN1, which stimulates Rab5A-
dependent receptor internalization, represents a directrect effect on Rab5A function in vivo and, this effect is
Developmental Cell
80
link between Ras and negative feedback control of cell Han et al., 1997). RIN1 is tyrosine phosphorylated by
surface receptor signaling. cAbl (Han et al., 1997) and cooverexpression of RIN1
In a second model of RIN1 function, feed-forward with oncogenic BCR-ABL potentiates the oncogenicity
mechanisms stemming from Ras activation could actu- of BCR-ABL (Afar et al., 1997). It is not readily apparent
ally result in the facilitation of specific types of receptor whether there is a connection between the functions of
signaling. Receptor-mediated Ras activation on the in- RIN1-mediated endocytosis and the RIN1/cAbl interac-
ner surface of the plasma membrane could initiate the tion. Both the Vps9p catalytic domain and the Ras asso-
proximal RIN1-mediated endocytic pathway to stimulate ciation domain of RIN1 are dispensable for RIN1 physical
internalization of receptors. In certain signaling path- interaction with cAbl (Afar et al., 1997; Han et al., 1997).
ways, receptor internalization is a prerequisite for signal- In fact, an ectopically expressed amino-terminal RIN1
ing (Baass et al., 1995; Vieira et al., 1996; Ceresa and peptide that lacks both the Vps9p catalytic and Ras
Schmid, 2000). Activation of RIN1-mediated receptor association domains is significantly more potent than
endocytosis by Ras could serve to initiate internal mem- full-length RIN1 in its ability to potentiate BCR-ABL-
brane derived signaling pathways in a feed forward style mediated cellular transformation and leukemogenesis
mechanism by stimulating internalization of active re- (Afar et al., 1997). Conversely, removal of the SH2 and
ceptors to their physiological signaling compartment. proline-rich domains of RIN1 (the RIN1C protein) causes
However, our initial analysis indicates that signaling is no observable defect in the ability of RIN1 to stimulate
attenuated by RIN1. Further experimentation will be re- Rab5 nucleotide exchange (Figure 2), endosome fusion,
quired to determine the precise impact RIN1 activation or EGF internalization (data not shown). Collectively,
has on downstream cell signaling events. these observations indicate that RIN1 may mediate two
RIN1 is the second mammalian Vps9p catalytic do- completely separable processes in vivo. The existence
main containing protein shown to have Rab5 exchange of the expressed splice variant form of RIN1 (RIN1)
activity. Rabex5 also contains a Vps9p catalytic domain that completely lacks GEF activity raises the possibility
(G.G.T., D.S. Carney, and B.F.H., submitted) and has that this protein may mediate the RIN1/cAbl pathway
previously been shown to possess in vitro Rab5 GEF while the larger RIN1 protein mediates control of the
activity (Horiuchi et al., 1997). It was initially unclear endocytic pathway. Deciphering the precise means by
why a second Rab5 GEF was necessary, given that the which RIN1 modulates the endocytosis of receptors will
relative contributions of RIN1 and Rabex5 to in vivo be the next challenge. The discovery that RIN1 physi-
Rab5 exchange were not known. Using in vitro endo- cally links a signaling GTPase, Ras, with a membrane
some fusion assays to measure Rab5A activation, we trafficking GTPase, Rab5, will lead to novel ways of
found that RIN1 contributed significantly to the fusion exploring the physiological importance of coupling cell
activity found in cell cytosol (Figure 4). Significant activ- signaling with intracellular membrane trafficking events.
ity was also contributed by Rabex5, whose immunode-
Experimental Procedurespletion from cell cytosol further diminished endosome
fusion (data not shown). It is clear that RIN1, like Rabex5,
Plasmid and Viral Constructions
can mediate endosomal membrane fusion events. RIN1 Ha-ras:wild-type,:G12V,:T35S, and:S17N his-tagged E. coli expres-
exchange activity may fulfill a very specific role in Rab5 sion constructs were created by either direct subcloning or PCR
activation that is independent of Rabex5 function. Rab5 amplification followed by subcloning of the respective Ras-frag-
ments from pLexA-Ha-ras (Vojtek et al., 1993), pLexA-Ha-ras (G12V)proteins are known to act at several sites along the early
(Vojtek et al., 1993), pBTM116 Ha-ras (T35S) (White et al., 1995), andendocytic pathway. In one role, RIN1 may function at a
pToto1000:3
2J Ha-ras (S17N) (Li et al., 1997) into pET28b (Novagen,specific site, such as the initial activation of Rab5, either
Inc.). Wild-type Rab5A, 5B, 5C, as well as Rab5A:S34N 5B:S34N,at the plasma membrane in response to Ras activation, 5C:S34N two-hybrid bait and his-tagged E. coli expression con-
or following the internalization of the activated receptor. structs, were created by PCR amplification of the Rab5 cDNAs from
Additional Rab5 activation events along the endocytic their respective pToto1000:3
2J constructs. The digested PCR prod-
ucts were subcloned into pVJL11 (Vojtek et al., 1993) and pET28pathway could then be mediated by Rabex5. Alterna-
series vectors (Novagen, Inc.). Rab4 and Rab11 E. coli expressiontively, RIN1 may preferentially activate one of the three
constructs were made by subcloning these cDNAs into pET28 seriesRab5 isoforms that have been described (Rab5A,
vectors. Vps21p and Ypt7p E. coli expression constructs are pre-Rab5B, or Rab5C) (Bucci et al., 1995). This notion is
viously described (Hama et al., 1999). RIN1 two-hybrid prey and
supported by the recent finding that EGF receptor endo- baculovirus donor constructs were created by PCR amplification
cytosis is mediated preferentially by Rab5A (Barbieri et of the respective RIN1 cDNA fragment using either pGAD-RIN1 or
al., 2000). Though we can detect no obvious substrate pGAD-RIN1 as templates (Han and Colicelli, 1995) and subcloning
the digested fragments into pGADGH (Hannon et al., 1993), andpreferences between the Rab5 isoforms and RIN1 in
pFASTBacHTc (Life Technologies, Inc.). Recombinant RIN1 bac-vitro, differential activities could exist in vivo. In a third
mids were generated in DH10BAC E. coli using the BAC-TO-BACrole, the activity of RIN1-like proteins may be specifically
Baculovirus Expression System (Life Technologies) and transfected
coupled to certain receptors, whereas Rabex5 functions into Sf9 cells.
principally in transferrin or LDL receptor mediated endo- To create Rab5 and Ha-ras transcription templates for the produc-
cytosis or fluid phase endocytosis. The observation that tion of Sindbis viruses, PCR-derived DNA fragments of these genes
were generated and subcloned into pH2J1 (Roberts et al., 1999).RIN1 expression did not effect transferrin endocytosis
The resulting plasmids (pH2J1-Rab5A, pH2J1Rab5B, pH2J1Rab5C,lends support to this last model.
and pH2J1-Ha-Ras) were digested and cloned into pToto1000:3
2JFurther clues to the in vivo function of RIN1 will come
(Roberts et al., 1999). RIN1 and RIN1 DNA fragments were clonedfrom a greater understanding of its signaling domains.
by PCR from their respective pGADGH plasmids (Han et al., 1997)
In addition to its Vps9p catalytic GEF domain, RIN1 into pSINREP5 (Agapov et al., 1998). The RIN1, Ras and Rab5 con-
contains a proline rich region that mediates RIN1 inter- structs were then linearized and used as templates for in vitro tran-
scription with SP6 RNA polymerase. The resulting RNA transcriptsaction with the tyrosine kinase cAbl (Afar et al., 1997;
Ras-Activated Rab5
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were used to transfect confluent BHK-21 cell monolayers using a NR6 cell monolayers infected with Sindbis virus alone or with RIN1
recombinant virus were serum starved for 2 hr prior to activationLipofectin-mediated procedure (Life Technologies, Inc.). Cells were
maintained at 37C, and the media containing released viruses were with 100 nM EGF for the indicated times. Cells were washed (PBS
containing 1 mM sodium ortovanadate, 5 mM -gylcerophosphate)harvested 24 hr after transfection. Virus titers were generally be-
tween 108 and 109 plaque-forming units per milliliter. Virus stocks and lysed (1% NP-40, 10% glycerol, 50 mM HEPES [pH 7.2], 100 min
M NaCl, 1 mM sodium orthovanadate, 5 mM -glycerophosphate, 5were aliquoted and kept frozen at 80C until use.
mM EDTA, 1 mM Na F, 1 mM phenylmethylsulfonyl fluoride, 2 g/
ml pepstatin A, 2 g/ml leupeptin, and 2 g/ml aprotinin). Cell pro-Protein Purification
His6-Rab5 (A, B, C), His6-Rab4, His6-Rab11, His6-Ypt7p, His6-Vps21p, teins were separated by SDS-PAGE, blotted to nitrocellulose and
antibodies to Ras, Rab5, Rin1, phospho-Erk1/2 (New England Bio-and His6-Ras (WT, G12V, S17N, T35S) proteins were expressed and
purified from HMS174 (DE3) E. coli or M15 pREP4 E. coli (Novagen, labs), and Erk1/2 (a gift from Melanie Cobb) were used to visualized
these proteins by Western analysis. Relative levels of Erk1/2 proteinsInc) using Ni-NTA-agarose according to the manufacturer’s protocol
(Qiagen, Inc.). Purity of the proteins was estimated by visualization were determined by densitometry.
of Coomassie Blue-stained SDS-PAGEs, and protein concentrations
were determined by Bradford Assay. Recombinant His6-RIN1, His6- Immunofluorescence and Confocal Microscopy
RIN1C, and His6-RIN1 proteins were purified from cell lysates gen- Cells from a CHO cell line stably expressing wild-type GFP-Rab5A
erated from 50 ml baculovirus infected Sf9 cultures using Ni-NTA- were grown on 12 mm square coverslips in microtiter plates and
agarose as described. infected with Sindbis viruses, as described (Agapov et al., 1998).
After infection, the cells were fixed for 20 min in PBS containing 3%
Yeast Two-Hybrid and Guanine Nucleotide Exchange Assays (w/v) paraformaldehyde, washed twice with PBS, and then incu-
Yeast two-hybrid -galactosidase filter assays were performed as bated for 20 min in PBS/50 mM NH4Cl. After treatment with 10%
previously described (Hama et al., 1999; Tall et al., 1999). Rab gua- goat serum (in PBS) for 30 min at room temperature, the cells were
nine nucleotide release assays were performed by monitoring the incubated with antibody solutions (diluted in PBS containing 10%
time-dependent release of [3H]-GDP from 200 pmol of recombinant goat serum) for 1 hr at room temperature. RIN1 was visualized by
purified Rab5 A,B, and C, Rab4, Rab11, Vps21p and Ypt7p, as indirect immunofluorescence using rabbit anti-RIN1 polyclonal anti-
previously described (Hama et al., 1999). When Ras proteins were bodies (Transduction Laboratories, Lexington, KY) and CY5 labeled
included in the Rab5A GDP release reactions, 200 pmol of Ras goat anti-rabbit IgG antibodies. The intrinsic fluorescence of GFP
protein was preloaded with unlabeled GTP (WT and Ras:T35S) or was used to visualize GFP-tagged Rab5. The cells were viewed
unlabeled GDP (Ras:S17N) in a manner identical to the Rab loading in a confocal scanning beam fluorescent microscope at excitation
reactions (Hama et al.1999), except that unlabeled nucleotides were wavelengths of 476 and 647 nm.
used. The guanine nucleotide bound-Ras proteins were added to
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